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PREFACE

The "Low Cost Hypermixing Ejector Ramjet Program" was performed for the I
Air Force/Aerospace Research Laboratories by The Marquardt Company under Contract

F33616-73-C-4093. The basic objective of this program was to assess the payoff, i any,

of applying hypermixing ejector technology to the design of a low cost ejector ramjet

engtie. The work described herein was accomplished during the period e June 15,

1973 to 10 February 1975.
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It. Robert Boyle was the program manager through evaluation of the initial ejector design.

Dr. Hermann Viits was the program manager of the highly successful modified ejector

phase of this program.

The effort at The Marquardt Company was conducted under the supervision of

Joseph G. Bendot. Thomas G. Plerey conducted the engine preliminary design studies

and evaluated much of the test data. The development engineer was Wallace G. Harkins.

Williama R. Hammln and Eric N. Gothric designed the flight engine and ejector test items.

Special acknowledgment is given to Jeanette A. Yocham who typed this report.
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SE CTION 1

IN T it 0U.JCTION

The Air Force Aerospace Research LaLooratories (ARL) recently made a technology
breakthrough in the field of turbulent mixing. Experiments at ARL indicated that the
spreading rate of a subsonic jet may be increased dramatically by the introduction of
streamwise vortices in the flow. See Figure 1. The vortices promote efficient turbuleat
mixing within an extremely short distance. One possible source of such a '"hypermixing"
jet is a segmented slot nozzle. Adjacent slots are skewed slightly from the flow direction
to impart streamwise vorticity. To date the envisioned application of such nozzles has
been in ejector flap ami augmentor wing concepts for improved V/STOL aircraft designs.

The basic objective of this program was to assess the payoff, if any, of applying
hypermixing ejector technology to the design of a low cost ejector ramjet engine. lit this
application, the ejector primary flow is supersonic. Hypermixing ejector nozzle technology
offered the potential advantage of more rapid mixitig with the ramjet engine airflow. If this
were the case, mixer length could be reduced and/or the primary nozzle could be simplified
by the reduction in the number of primary rMzles required to achieve full mixing. In
cither case, engine length, weightand/or cost reductions could be realized through applita-
tion of this technology.

Following a design and analysis phase to select the preferred ejector ramlet engineS¢:cycle/propellant(s), an experimental program was conducted to establish the rapidity of

imixing downstreani of a primaiy ejector nozzle system which incorporates the hypermix-
ing technology developed by ARL.
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Figure 1. Streamwise Hypermixing Vortices in a Two-Dimensional Jet
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SECTION H

ENGINE DESIGN CRITERIA

A design criteria selection coordination meeting was held with ARL personnel
shortly after contract award. The following major design criteria were established:

* The 15-inch diameter Low Cost Ramjet Engine was the baseline engine
size for this study (Air Force Contract F33615-72-C-1425).

0 The primary flight envelope was Mach 0. 7 to 0. 9 at altitudes from sea
level to 30, 000 feet. Marquardt, however, would examine the perform-
ance characteristics of the selected ejector ramjet engine concept up to
a Mach number of 1.2.

a Marquardt would examine both fuel and oxidizer addition ejector ramjet
engine cycles. The fuel addition engine will use UDMH as the -fuel, I
while the oxidizer addition engine will use hydrogen peroxide in the
primary-mixer and JP-4 as the fuel to be injected into the afterburner.

SECTION III

ENGINE CYCLE SELECTION STUDIES

Mach 0.75 at 20, 000 feet altitude was selected as the design point for determination
of engine sizing. At this design point, each engine cycle was assumed to be operating at

= 1. 0 (i.e., stoichiometric combustion) with the following component efficiencies:

Inlet pressure recovery 100.0% J
Mixer efficiency 98.5%
Diffuser efficiency 99.0%
Primary nozzle efficiency 96.0%
Afterburner nozzle efficiency 96.0%
Combustion efficiency 95.0%

The primary pressure (delivering fuel or oxidizer to the ejector) was taken as 300 psia in
keeping with the low cost objectives of this program. The heat of combustion of UDMH
was taken as 12, 939 Btu/lb, while the stoichiometric fuel/air ratio was 0. 1088.

3



For the fuel addition engine (Figure 2), two cycle variations were considered.
In the first cy,&Ie, it was assumed that the fuel-air mixing and combustion occurred
simultaneously; the combustion products are then passed through a convergent nozzle
whose exit prossure was equal to ambient pressure at the design condition, i. e., 6.76
psia at 20, 000 feet. In the second cycle variation, it was assumed that mixing would
occur without combustion. The mixed fuel-air was then diffused to the combustor
area A4 where flameholders and an ignition source would be required to initiate and
sustain combustion at the assumed combustion efficiency level.

For the oxidizer addition engine (Figure 2), the incoming air and hydrogen

peroxide are mixed, diffused, and 'P-4 fuel is added in the afterburner to achieve
combustion at a stoichiometric mixture ratio,,

For each of these engine cycles, engine geometry and airflow were varied para-
metrically to obtain the maximum net jet thrust and minimum fuel consumption. This
required an optimization which is described in the following paragraphs for each of
the engine cycles.

1. FUEL ADDITION - SIMULTANEOUS MIX AND BURN

"I he effect of mixer area ratio A3 /A 2 is illustrated in Figure 3 for the case
of simultaneous mixing and burning. For the case shown, the airflow Mach number at
station 2 was taken as 0. 15 for two different mixer inlet sizes, A2 . For the given flight
condition, the combination of flow area A2 and Mach number M 2 suffice to establish the
engine airflow, Ws. For a 0 = 1. 0, the fuel flow out of the primary nozzles is then
established.

The variation shown in Figure 3, for each value of A2 , is to npen up the mixer
area A., starting at the condition where the mixer is constant area (A3=A2 +Ap). As
shown In the figure, the thrust increases and the fuel consumption decreases as the
mixer is opened up to the maximum value possible (i. e., A.=A3 -A4 ). By opening up
the mixer, the total pressure losses due to combustion are reduced, yielding the noted
results.

The effect of mixer inlet size A2 is shown in Figure 4. As the mixer inlet area
A2 is increased, the thrust and specific fuel consumptiot increase. Also note that the
rarea A6 increasib with A2 in order to handle the increased air and fuel flow. It is
generally desired to k:eep the exit nozzle area, A , equal to 60% or less of the combustor
flow area A4 . This reduces the comb Astor flow 4ach number and increases combustion
efficiency and stability while reducing combustion total pressure losses. (A6 /A 4 will be
set at 0.6 in this study.) Figure 3 includes the performance that would be predicted for
a nozzle exit area ratio A.6 /A 4 of 0. 60 with an air entrance Mach number in the mixer
of 0.15.

The effect of mixer inlet Mach number is shown in Figure 5. For a simultaneous
mix and burn casB a low entrance Mach number, M2 , is desired to reduce combustion
pressure losses azi maximize thrust. Note that the mixer inJet area A2 is increasing

4
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A. SUBSONIC RAMJETFULNJTO

FLAMEHOLDER ASSEMBLY

B. EJECTOR RAMJET/OXIDIZER ADDITION CYCLE VARIATION

EEJECTOR SUBSYSTEM FUEL INJECTOR

J E C T U R W I M T E 
).e.

FLAMEHOLDER

ASSEMBSLY

C. EJECTOR RAMJET/FUEL ADDITION CYCLE VARIATION

" EJECTOR 
SUBSYSTEM

NFLAMEHOLDER 
.

ASSEMBLY

Figure 2. Ramjet/Ejector Ramjet Engine Concepts
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as M2 I- reduced. Below a value of M2 of 0. 1, the required nozzle flow area is less
than 60% of A4,and the thrust coefficient begins to fall. The mixer and burner begin

to approach a constant area cylinder of diameter equal to that of the combustor.

The final sizing ardi preliminary performance for the simultaneous mix andI
burn case is summarized in Table Iwhere it is compared to the other engine cycles.

The performance of this engine for a range of fuel flows is discussed in a latter section
of this report.

2. FUEL ADDITICR - MIX/DIFFUSE/BURN

For this engine cycle, the air inlet Mach number M2 and flow area A2 were
again varied in a system tic manner to determine the engine configurauon yielding
the maximum thrust coefficient. As with the simultaneous mix and burn cycle, the
engine airflow is established by the combination of Mach number and size of the mixer
for the given flight condition. Engine fuel flow through the primary nozzles is then
about 11% of the engine airflow for stoichiometric combustion.

Figure 6 summarizes this engine cycle performance for nozzle exit areas of
50, 60, and 70% of the combustor flow area. For all exit nozzle sizes, the thrust and
fuel consumption are optimized at a mixer inlet Mach number of about 0.35, compared
to about 0.10 for the simultaneous mix and burn cycle. The thrust coefficient at M2
of 0.35 and the selected value of nozzle area ratio A6 /A 4 of 60% is 0.991, representing
a gain of 29% over the simultaneous mix and burn case. The preliminary performance
and final sizing for this mix, diffuse, and burn case is summarized in Table I, where
it may be compared with the other cycle variations. Performance with a range of fuel
flows is discussed in another soction of this report.

3. OXIDIZER ADDITION ENGINE CYCLE

Thn vhruat coefficient of the oxidizer addition engine is not limited as with the
f•lo adie•xion engine cycles. Thus the sizing of this engine is dependent upon the thrust
level desired. For example, at l,-w plrimary flow rates, the performance approaches
that of the conventional ramjet, and optimum inlet Mach numler M2 for the flight
coaditionp chosen is about 0.25 - 0. 30. However, at high thrust levels corresponding
to small ratios of secondary to pringary flow rates, Ws/W , the optimum inlet Mach
numberl A about 0.7, thus producing fo ressentially chged condition at te mixer
outi Ot (xV3 -e 1. 0).

A typical optimnization of the oxidizer addition engine is shown in Figure 7. The
nozzle exit area was. restricted to 60% of the combuctor flow area A4 ; for given values
of entrance Ma-h number M2 , the mL:-er area A2 and primary flow rate were varied to
prvduce the variations of thrust coefficient and specific fuel consumption shown in
FJure 7. The low thrust points of each curve correspond to ramjet performance (no
primary flow), Increasing Virust is then achieved by increasing the primary flow rate.
At high thrust levels, an entrance Ma ah number of 1. 7 produces a minimum SFC. How-
ever, in the thrust coefficient range UZ 0. 8 to 1.0, the minimum SFC is achieved with an

9



w~ ~ 0 00t

n Lo b . . .* .

0' - C " "

01

.... .......



M,, 0. 75 f20,010 ft.-

. . . ...... ... ....-.-,

AJA

.44

Figure 6. UDMH-Fueled Ejector RamJet-Mlx/Diffuee/Burfl-Effect of Exit Nozzle Size

6h11



- --

MO=.75 920000 ft
f' ..1...

1.22 ft2

A6 =0.6
A4

1.7

1.6

1.4 Mxer in et Mach B ber, M -

E-4 .8 _ _ _ _.,

.6 ___

64 78 9 10 1i 12

Specific Fuel Conhumption

Figure 7. Oxidizer Addition Engine Cycle-Effect of Mixer Inlet Mach Number

12
o Ma

' i1



entrance Mach nUMber of about 0. 6. This lower range of thrust coefficient was chosen
for sizing of the oxidizer addition engine since this to the order of magnitude of the
thrust coefficients produced by the fuel addition engine cycles previously discussed.
The preliminary performance and sizing of the oxidizer addition engine is summarized
in Table I.

SECTION IV

ENGINE CYCLE SELECTION

The performance of the three engine cycles is presented in Figure 8, wherein
engine thrust coefficient is plotted versus specific fuel or propellant consumption. The
primary flow rate for each engine cycle was varied to achieve the thrust variation noted,
with solid circle points corresponding to optimized design points for each cycle variation
(Table I). The lowest point on the oxidizer addition cycle corresponds to zero primary
flow and thus is a simple, but not optimum geometry, ramjet engine.

These results were reviewed with the ARL Program Manager, and the fuel
addition~ cycle with mixing, diffusion, and burning (afterwards designated MDB) was

selected as the configuration for continued engine preliminary design. The high thrust
'A I and low specific fuel consumption of the MDB engine cycle made it an obvious choice,

producing a thrust almost twice that of the ramjet at approximately the same fuel con-
sumption levels. A review of the combustion environment indicated that combustion wouldI not occur in the mixer, and that flame stabilization devices plus igniter would be required
to promote burning with the desired efficiency in the afterburner. The simultaneous mix-

ing and burning cycle, by the same token, is thus somewhat academic and is not a likely

configuration.

13
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SECTION V

UNSYMMETRICAL DIMETHYLHYDRAZINE (UDMH) PROPERTIES

UDMH was selected ao the ejector ramjet fuel because of its ready availability,
excellent storage capabilities, low cost, while providing substantial performance gains

over propane and JP-4. However, in spite of its w~de use as a rocket propellant, there
I's little information about its thermal properties as a monopropellant and the combustion
of decomposed UDMH with air as required in the ejector ramjet cycle. For example,
the Rocket Propellant Handbook (Reference 1) lists the heat of formation of UDMH as
-187.3 cal/g (41.27 K cal/mole) while the Callery Chemical Company (Reference 2)
gives +12.74 K cal/mole. Similarly, the heat of ý, mbustion varies from 14160 Btu/lb
to 12939 Btu/lb between these two references. Inasmuch as the design of the primary
ejector subsystem and subsequent combustion in the afterburner is highly dependent
upon the temperature, products of decomposition, and specific heat ratio in the expansion,
mixing, and combustion processes, it was decided before proceeding further to collect
and review as much data as possible on UDMH.

A visit was made to the USAF Rocket Propulsion Laboratory at Edwards Air Force
Base, Californiaand discussions were held with Mr. W. Forbes/Rocket Propellants
Section. RPL's UDMH decomposition data were very limited, particularly with regard to
decomposition temperature; however, three references were identified as potential sources
of design information. These references were obtained by Marquardtand Reference 3, in
particular, was outstanding. This report describes an experimental program conducted
by the Jet Propulsion Laboratory of Pasadena,which evaluated UDMH as a monopropellant.
Thie JPL report is included as Appendix A to this report.

The results of this experimental study indicate that decomposition of UDMH can
be accomplished thermally. (Thermal decomposition has been assumed in keeping with
the low cost objectives of this engine program.) However, the thermal decomposition
temperature depends on whether the UDMH is injected as a liquid or as a vapor, and if
as a vapor, how much heat is added to the UDMH before being injected into the decomposi-
tion chamber. JPL predicted a decomposition temperature of 1467°F (19270R) at a
chamber pressure of 300 psia. Tais result is based upon a heat of formation of +12.72 K
cal/mole and chemical equilibrium upon assuming final products of H2 , N2, CH2, NH3, HCN,
and C. Marquardt analyses based upon a heat of formation of +12.74 K cal/mole show
a reaction temperature of 1073K (1931°R) as shown in Table II, thus the JPL and
Marquardt results are quite comparable. JPL test results are summarized for conven-
ience in Table M. With unheated UDMH injected into a preheated chamber, a decomposi-
tion temperature of 1262°F was achieved at 300 psia, compared to the theoretical value
of 1467*F. A small increase in UDMH temperature, achieved by picking up a small
amount of heat regeneratively, increased the measured C* and chamber temperatare
slightly. Finally, by adding supplementary heat and injecting the UDMH into the chamber

as a vapor, the measured decomposition temperature reached 1373°F. These results
indicate that with care in design and with suitable heat addition, the theoretical decom-
position temperatures and chemical products can be approached.

15
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After review of these experimental data, a decomposition temperature of
1340F (1800"R) was assumed with a chamber pressure of 300 psia. These conditions
were used with Marquardt's chemical equilibrium program to establish total enthalpy,
the process y, and exit velocity for exapsnion through the primary nozzle through
various pressure ratios. The results of this computer run are shown in Table IV.
These results were then used to establish an effective Y across the primary nozzle suchthatfor a given primary pressure ratio and total enthapy, Marquardt's ejector ramjet
engine performance computer program give the same primary exit velocity as the

chemical equilibrium program. I

The chemical equilibrium program was then run for stoichiometric combustion
of UDMH and air at 10 psia. This pressure is representative of the combustion chamb'ar
conditions at the Mach 0.75 at 20,000 foot altitude design point. The results of this
computer run are shown in Table V. Only the chamber and throat conditions are of
interest in this tabulation inasmuch as there is not enough pressure ratio to choke the
engine exit nozzle. This computer run also served to determine combustion chamber
exit total enthalpy and y for use in combustion chamber and exit nozzle analysis.

18
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TIT,

SECTION VI

ENGINE PRELIMINARY DESIGN

1. ENGINE SIZING

The sizing of the three candidate engine cycles of Section III was based upon
consistent but, in several cases, optimistic component efficiencies. For preliminary
design and performance estimation of the selected MDB cycle, the following component
efficiencies were used:

Inlet Total Pressure Recovery (PT2 /PT 0 ) 0.98

Revised UDMH Thermal Decomposition Combustion Properties (See Section V)

Primary (Ejector) Nozzle Efficiency (7p) 0.96

Diffuser Efficiency (7 0.90

Mixing Efficiency (,) 0.985
M

Combustion Efficiency (17C)

0 1.0 0.93

= 1.25 0.91

= 1.5 0.83

Exit Nozzle Efficiency (77N) 0.96

The largest change in component efficiency was that assigned to the diffuser. This
parameter relates the total pressure loss across the diffuser as a function of the flow
IMiach number at the beginning of the diffuser. For this engine, the use of a diffuser
efficiency of 90% is equivalent to the total pressure loss of a conical diffuser of about
13° total divergence angle based upon Reference 4.

The MDB engine was reoptimized at the Mach 0.75 @ 20000 feet design point by
using the above revised component efficiencies. Table VI summarizes design point
performance. A comparison of the design point engine performance and sizing for
the revised design and the original optimization is presented in Table VII. In com-
parison to the preliminary results, the thrust coefficient was decreased 9. 7% while

Ihe SFC was increased 16.7% by the use of the revised component efficiencies/UDMH
properties.

21
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TABLE VII. MDB ENGINE PERFORMANCE DESIGN POINT COMPARISON

M = 0.75 at 20. 000 ft

A6/A = 0. 6 (fixed convergent exit nozzle)
6 4

0 = 1.0

A = 1.227 t (D 4 - i.)
44

Primary Total Pressure = 300 psia

Fuel = UDMH (decomposed)

Engine Initial component Revised component
parameter efficiencies efficiencies

CFA4 0.=991 0.895

SFC 5.730 6.688

M2 0.350 0.351

A2 pI2) 0. 359 0. 387

A3 (ft) 0.372 0.398

Ws/WP 9.191 9.19

K!
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2. PRELIMINARY PERFORMANCE ESTIMATES

Performance of the MDB fueled ejector ramjet engine of Table VI has been
generated for the Mach number-altitude range of interest and for a range of fuel flows
corresponding to 0 of 0.5 to 1.5. Typical net jet thrust coefficient and specific fuel
consumption are shown in Figures 9 through 11. Figures 9, 10, and 11 present pre -

liminary performance at Mach numbers 0.7, 0.9, and 1.2, respectively.

Engine airflow, fuel flow, mixer inlet Mach number (M2), and ejector mixer

total preusure ratio (PT /Pr ) are tabulated in Tables VIII, IX, X, and XM. In addition,
mixer Inlet total pressure aJ temperature are presented in Figures 12 and 13. These
data were used to design the hypermixing ejector test item and plan the experimental
program.

a
SECTION VII

FLIGHT ENGINE HYPERMIXING EJECTOR DESIGN

The design of the hypermixing ejector subsystem for the flight engine was
established at the engine design point of M0 = 0. 75 at 20, 000 feet/0 = 1.0. Ejector
design point conditions were established during the engine performance optimization
study:

W 0.78 lb/sec
P

PTp 300 lb/i2

ATTp 1800OR

A = 1. 68 in2

PPP2 = 8.81 lb/in2

For these ejector design conditions Mp 2.73 and Ap/A* = 5.8.

The required total ejector nozzle throat flow area was computed to be 0.2 9 in
As will be seen, the nozzle throat height is approximately 0. 020 inch. Therefore, a
relatively low nozzle throat discharge coefficieat of 0. 90 was assumed. This estimate

was based on Marquardt experience with small rocket engines and annular air film
cooling tests. The required nozzle throat area was then computed to be 0.322 In2 .

24
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TABLE yin. ENGINE AIRFLOW - PPS

Altitude - 1000 ft.
m0- S.L. 10 20 30

1.2 .5 32.08 22.04 14.99 9.82
.75' 28.72 19.66 13.33 8.70

1.0 26.57 18.16 12.29 8.01
1.25 27.80 19.00 12.87 8.39
1.5 29.84 20.42 13.85 9.05

1.05 .5 26.87 18.44 12.54 8.21
.75 23.89 16.35 11.08 7.24

1.0 22.08 15.08 10.21 6.65
1.25 23.10 15.79 10.69 6.97
1.5 24.84 16.99 11.52 7.52

.9 .5 22.22 15.24 10.36 6.78
.75 19.99 13.67 9.26 6.05

1.0 18.58 12.69 8.58 5.59
1.25 19.48 13.31 9.01 5.87
1.5 20.94 14.32 9.70 6.33

.8 .5 19.49 13.37 9.08 5.94
.75 17.65 12.011 8.18 5.34

1.0 16.50 11.27 7,63 4.97
1.25 17.44 11.92 8.06 5.26I
1.50 18.87 12.91 8.74 5,70

.75 .5 18.18 12.46 8.46 5.54
.75 16.52 11.30 7.65 4.97

1.0 15.51 10.59 7.17 4.67
1,25 16.47 11.25 7.61 4.97

1.5 17.90 12.16 8.29 5.41
.70 .5 16.89 11.75 7.86 5.14I

.75 15.42 10.54 7.14 4.66
1.0o 14.53 9.93 6.72 4.38
1.25 15.52 10.60 7.17 4.68
1.50 16.96 11.59 7.85 5.12

25



TABLE MX ENGINE FUEL FLOW - PPS

Altituade - 1000 ft

So.L, 10 20 30

1.2 .5 1.745 1.10 815 .710
.75 2.344 1.604 108.1

1.0 2.890 1.976 1.337 .872

1.25 3.1780 2.584 1,750 1.142

1.50 4.870 3.333 2.260 1.476

1.05 .5 1.462 1.003 .682 .447
.75 1.950 1.334 .904 .590

1.0 2.402 1.641 110.2
1.25 3.142 2.148 1.454 .948

1.50 4.053 2.773 1.880 1.227

.9 .5 1.209 .829 .563 .369

75 1.631 1.116 .756 .493

1.0 2.021 1.380 .934 .609

1.25 2.650 1.810 1:225 .799

1.5 3.418 2.337 1.583 1.033

.8 .5 1.060 .727 .494 .323

.75 1.440 .985 .667 .435

1.25 2.372 1.620 1.097 .715

1.50 3.080 2.106 1.427 .931

.75 .5 .989 .678 .460 .301

.75 1.348 92.624 .406

1.0 1.687 1.152 .780 .508

1.25 2.239 1.530 1.035 .675

1.50 2.921 1.984 1.343 .883

.70 .5 .919 .639 .428 .280

.75 1.258 .860 .583 .380

1.0 1.581 1.080 .731 .476

1.25 2.110 1.441 .975 .636

1.5 2.768 1.892 1.282 .836
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TABLE X. EJECTOR/MIXER INLET MACH NUMBER (M2 )

Altitude - 1000 ft

M 0 Ws/Wp S. L. 10 20 30

1.2 .5 18.38 .553 .533 .511 .489
.75 12.25 .472 .454 .436 .418

1.0 9.19 .426 .41t .394 .377
1.25 7.35 .452 .435 .417 .399
1.5 6.13 .497 .478 .459 .439

1.05 .• .540 .520 .500 .478
.75 .459 .442 .424 .406

1.00 .414 .399 .383 .367
1.25 .439 .422 .405 .388
1.50 .483 .464 .446 .426

.9 .5 .508 .490 .471 .451
.75 .441 .425 .408 .391

1.0 .402 .387 .372 .356
1.25 .427 .410 .394 .377
1.50 .469 .451 .432 .413

.8 .5 .480 .463 .445 .427

.75 .421 .406 .390 .374
1.0 .388 .374 .359 .3441.25 .415 .400 .384 .367
1.5 .460 .442 .424 .406

. 75 .5 .462 .446 .429 .412
.75 .409 .394 .379 .362

1.0 .378 .365 .351 .336
1.25 .407 .392 .377 .361
1.50 .453 .432 .418 .400

.7 .5 .442 .435 .411 .395
.75 .394 .380 .366 .351

1.0 .367 .354 .340 .326
1.25 .,j97 .383 .368 .352
1.5 .444 .428 .411 .393

2

I



TABLE XI. EJECTOR/MIXER TOTAL PRESSURE RATIO (PT3/PT 2 )

Altitude - 1000 ft

M wsiWP S.L. 10 20 30

1.2 .50 18.382 1.0417 1.0432 1.0446 1.0459

.75 12.255 1.0919 1.0929 1.0938 1.0947

1.00 9.191 1.1353 1.1361 1.1368 1.1375

1.25 7.353 1.1873 1.1882 1.1892 1.1900

1.50 6.127 1.2463 1.2477 1.2489 1.2501

1.05 .50 1.0427 1.0440 1.0453 1.0464

.75 1.0927 1.0936 1.0944 1.0952

1.00 1.1359 1.1366 1.1372 1.1379

1.25 1.1880 1.1889 1.1897 1.1905

1.50 1.2474 1.2486 1.2497 1.2508

.9 .50 1.0444 1.0455 1.0465 1.0474

.75 1.0929 1.0937 1.0944 1.0951
1.00 1. 1361 1. 1367 1. 1373 1. 1379

1.25 1.1885 1.1892 1.1900 1.1907

1.50 1.2481 1.2491 1.2501 1.2509

08 .50 1.0453 1.0463 1.0471 1.0477

.75 1.0922 1.0930 1.0937 1.0941

1.00 1.1350 1.1357 1.1363 1.1366
1.25 1.1880 1.1888 1.1895 1.1900
1.50 1.2484 1.2494 1.2503 1.2510

.75 .50 1.0454 1.0462 1.0471 1.0479

.75 1.0915 1.0921 1.0928 1.0931
1.00 1.1339 1.1345 1.1350 1.1355

1.25 1.1872 1.1879 1,1887 1.1892

1.50 1.2482 1.2486 1.2500 1.2508

.70 .50 1.0453 1.0463 1.0468 1.0474

.75 1.0903 1.0910 1.0916 1. 0920
1.00 1.1322 1.1328 1.1334 1.1337

1.25 1.1859 1.1866 1.1872 1.1876

1.50 1.2476 1.2486 1.2493 1.2500
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Ejector nozzle geometry was sized with nozzle perimeter as the primary var-
iable. The following relationships were used In this analysis:

Nozzle Perimeter =, (2) (Nozzle Exit Flow Area)
Nozzle Exit Height

Segmentxt LeihInh !

Nozzle Segment Aspect Ratio = t
Exit Height

8 based on previous hypermlxing ejector i1

nozzle test data (Reference 5)

Number of Nozzle Segments = Nozzle Pert"
(2) (Segment Aspect Ratio) (Exit. Height)

= Nozzle Perimeter
(16) (Exit Height)

The results of this parametric design study are presented in Figures 14 and 15.

A manufacturing review of the proposed ejector nozzle assembly concluded
that cost considerations clearly indicated a preference for a true annular nozzle rather
than a large number of separately fabricated and assembled nozzle segments. Therefore,
the annular nozzle was established as the baseline design concept.

The remaining question was: Where should the annular nozzle be located
relative to the mixer diameter? Several approaches were taken in order to define
this location.

Ejector primary/secondary air mixing basically Is accomplished by shearing
action and turbulence between the two streams. Therefore, a reasonable design approach
is to locate the annular ejector nozzle so that the inner and outer duct flow areas are
equal.

Djector Nozzle

Therefore the ejector would be located where

DEector Nozzle 1 _ozzle

Mi- 0.707
Mixer
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A mixing process spreading angle approach was the second technique used to
locate the ejector nozzle.

DM~er 4-Mixing Length L-- -"-

2-- 2 - 1 Complete Mlxbog

DEjector Nozzle

Obviously, this approach locates the ejector nozzle where

DDEJetor Nozzle 0.50

DMixer

Mixing lengths were roughly estimated from this approach. Reference 5 data show
that the spreading angle for the hypermixing ejector uozzle is - 12 degrees. Con-
ventional mixing corresponds to a spreading angle of about 6 degrees. For the geometry
under consideration, the following mixing lengths were computed:

Conventional mixing (6 = 6 degrees) L - 20 inches

Hypermixing (6 = 12 degrees) L -10 inches.

These computed mixing lengths are obviously estimates but do indicate the potential of
the hypermixing concept.

It is highly probable that, due to three dimensional pipe flow effects, neither of
these approaches is correct. However, it is reasonable to assume that the actual flow
process lies between these two limits. Therefore

DEjector Nozzle
0.50 < Dixer < 0.707.

An objective of this program is to compare hypermacing ejector with "conven-
tional" ejector nozzle performance. Marquardt under Contract AF33(657) 12146
evaluated a "conventional" annular nozzle. In this test program

EJector Nozzle =0.63.
Mixer
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This nozzle location meets our criteria and should be a valuable soarce of comparison.
Therefore, this location was selected for the design of the flight engine hypermixing
ejector.

Previous hypermixing ejector nozzle tests operated with subsonic flow discharge
conditions (Reference 5). For the same scarf angle, it was reasoned that a supersonic
ejector nozzle would promote more rapid mixing than a subsonic nozzle. It, therefore,
follows, for the same mixing intensity, the supersonic nozzle scarf angle can be reduced.
Previous subsonic nozzle tests evaluated this nozzle:

--. 0. 10.---

38*

150

Somewhat arbitrarily, alternating supersonic nozzle segments of the flight engine hyper-
mixing ejector subsystem were scarfed 30 degrees. The design characteristics of the
flight engine hypermixing ejector subsystem are summarized below:

S0.63
DMixer

D
Mixer 8.54 in.

DEJector Nozzle 5.38 in.

Nozzle Perimeter 33.8 in.

Number of Nozzle Segments 22

Nozzle Throat Height 0.017 in.

Nozzle Exit Height 0. 100 in.

Nozzle Segment Aspect Ratio 7.68
I'

Scarf Angle 30 degrees
Design details of the ejector subsystem are presented in Figure 16. Figure 17 shows

the ejector subsystem integrated into the flight engine design. The flight engine miber -j

length/diameter ratio was specified as 1. 24.
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SECTION VII

HYPERMIXING EJiLCTOR TEST ITEM DESIGN

To minimize test cost, the hypermixiig ejector test program was conducted at

sea level conditions. By this is meant that the test item uozzle was exhausted to
atmoipheric conditions (" 14.2 psia). Exhauster operation, which is costly, is
required to reduce nozzle back pressure necessary for altitude simulation. I

The test item was designed for the following conditions/specifications: .

Simulated Flight Condition M = 0.7 at Sea Level at = 1 I
Ejector Working Fluid Heated Air

Secondary Fluid Ambient Temperature Air

PTp - 300 psia

TTp 1160"R

P P -18. 4psia.

M2 0.35

2 ~2I

For these test conitions, the secondary airflow rate is 5.70 lb/sec. With UDMH,

0 = 1.0 is ebivalent to WS = 9.19 . Therefore, the hypermixing eJector nozzle test
Wp i

item was sized for a flow rate of 0. 62 lb/sec.

To reduce teu costs, the primary working fluid was air. Heated air was
specified for the following reasons:

1) Increasing the total temperature of the primary increases the (PT.3
* ejector discharge velocity, resulting in inc reased jet compression\

2) Freon*, in small concentrations, was to be added to the primary
fluid for gas sampling. A high primary total temperature avoids
Freon condensation problems.

Test hardware design, fabricationand operation costs are significantly reduced
when non--ater cooled hardware is specified. The desire for a high primary tempera-
ture ws strongly tempered by this requirement. As a compromise the test hardware
was designed for a primary total temperature of 1160'R (700°F).

*In the experimental program, carbon dioxide rather than Freon was used as the

tracer as.
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The design conditions specified above defined a total nozzle throat area
requirement of 0. 147 in2 . The design nozzle pressure ratio

-P = 16.3

correspond& to a nozzle exit Mach number of 2.47 and Ap/A& ratio of 2.56. The resultant
nozzle exit flow area is 0.376 in..

For the reasons presented in the flight engine ejector nozzle design discussion,
an annuflar ring nozzle located where

DEjetor Nozzle

=0.63DMixer

was specified. Geometry constraints would not permit the ejector test item and the
flight engine ejector to have both the same number of nozzle segments and segment
aspect ratio. A decision was made to match the number of nozzle segments and let
the segment aspect ratio fall out. The resultant aspect ratio was 11.5. Nozzle segments
were alternately scarfed 30 degrees as was specified for the flight engine design.

The design characteristics of the hypermixing ejector test item are presented
below:

D Si D~Ejector Nozzle 06

S~DMlxer

Ejector Nozzle Diameter 3.37 in.
Mixer Diameter 5.35 in.
Nozzle Perimeter 21.17 in.
Number of Nozzle Segments 22
Nozzle Throat Height .0140 in.
Nozzle Exit Height .031 in.
Nozzle Segment Aspect Ratio 11.5
Nozzle Scarf Angle 30 degrees

Figures 18 and 19 present the design details for the ejector test Item.
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SECTION EK

EXPERIMENTAL PROGRAM

1. HARDWARE FABRICATION

The Hypermixing Ejector Test Item was fabricated in Marquardt's experimental
shop. Photographs of the completed assembly are presented in Figures 20 through 23.
For proper orientation, the reader is reminded that the ejector nozzle throat height
and nozzle exit height are 0. 014 inches and 0. 031 Inches, respectfully.

Three total pressure/gas sampling rakes were also fabricated and are shown
in Figure 24. In addition, three mixer spool sections were fabricated in support of

this program. .
2. TEST SETUP

The test setup orig~iually proposed is presented in Figure 25. The mixer was11
made up of varying length, constant internal diameter spools, Joined at their flanges.
By interchanging or removing the constant diameter mixer spools, the length of the
mixer could be changed~and total and static pressure instrumentation could be relocated
to determine mixer performance best. Downstream of the mixer was a diffuser, a
plenum section, and exit nozzle to simulate components of the ejector ramjet engine.
Engine airflow was simulated by bringing in airflow from pressurized storage tanks
tbrough suitable metering equipment. A flow straightening screen and setting section
length was provided ahead of the ejector spool section to provide a near uniform flow
profile to the test item. The ejector air supply was passed through a Sudd~en Expansion
(SUE) burner and Freon was envisioned as a tracer gas to be monitored in the mixer
to aid in determination of the rate of mixing of the secondary air and primary flow
systems.

Figure 26 is a schematic of the actual test setup utilized in Cell 7 of Marquardt's
test facility. This system was designed to provide a wide range of primary and secondary
flow rates as well as interchangeability of mixer components. The secondary airflow
system, the ejector test item, the interchangeable mixing section spools, diffuser, etc.
are largely unchanged from those initially proposed. The principle varliations from the
original plan were associated with the primary airflow system and involved the use of
a large SUE burner and the substitution of carbon dioxide (CC)2) for Freon as the tracer
gas as discussed in the following paragraphs.

In Figure 2 6, the straightening spool, the ejector test item, the first mixer spool
(W/D-2), and second mixer spool (L/D=1) are new hardware. The remainder of this
hardware was available from previous Mvarquardt test programs. Note that two exit
nozzle sizes and two secondary airflow metering venturis were used. For the smaller
values of secondary airflow (25 and 50% of design), it was desired that the venturi
remain choked for accurate metering purposes. The smaller venturi meter provided
this capability. The smaller exit nozzle was used to maintain a higher backpressure
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on the system at these low flow rates than would have been provided with the larger
nozzle. In addition, the use of this small convergent/divergent nozzle resulted in
the nozzle throat choking at total pressure levels (i.e., airflow) significantly lower
than those with a convergent nozzle.

The EmaUl SUE burner originally planned for the primary subsystem was not 4
available. A 3 x 6 Inch facility burner was available but was judged to be unstable .
for the low flow rate (design ejector flow rate = 0.62 lb/sec), pressure and temperature 4

conditions desired for the primary. The approach taken was to use the 3 x 6 inch
facility burner with a bypass duct plumbing arrangement as shown in Figure 26.
Stable operation of the burner was achieved by bypassing almost 90% of the total
flow to the atmosphere through a standard ASME orifice. The quantities of heated air
and C02 delivered to the primary system were measured with separate venturi.
meters. A venturi meter was also used to measure the secondary airflow, which was
unheated.

The reasons for substituting C02 as a tracer gas rather than the originally
planned Freon were as follows: I

a. In reviewing the instrumentation requirements, it was concluded that
the minimum mixed (i. e., primary and secondary airflows) tracer gas concentration
should be upriroximately 5% by weight. With the design Ws/Wp value of 9. 19, the
tracer gas concentration in the primary fluid is about 50' by weight. It then follows
that the thermodynamic properties of the tracer gas can sxgnificantly influence the
ejector dischazge velocity and, therefore, the ejetor pumping total pressure ratio.
Freon 12 has a high molecular weight and low specific heat ratio. Both of these
properties significantly reduce the ejector discharge velocity, as shown in Table XII.
Gaseous C0 2 has thermodynamic properties similar to those of air, is low in cost, andis readily available. As shown in Table XII, the performance of C02 is quite good.

b. It is a fact that Freon, when exposed to an open flame, can result in
the generation of phosgene, a poison gas. In this test program, Freon would
have been injected downstream of the SUE burner where the air temperature is apprwc-
Inmitely 1640"R. Granted that Freon would not be brought in contact with an open flame,
the question remained: Could this combustion process/high temperature air cause
phosgene to be generated? A limited library search and technical consultation were
ineonclusive.

C. The gas sampling instrument (Beckman Infrared Dispersion Model) is
sensitive to C0 2 in less concentrated mixtures than Freon, and LI fact was origiballydesigned for C02.

Thus, consideration of test safety, ejector performance, tracer gas cost, and
availability led to the decision to use gaseous carbon dioxide as the tracer element
in the test program.
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Photographs of the test setup are shown in Figures 27 and 28. In Figure 27,

the main elements of the test item, including ejector section, mixer, diffuser, plenum,

and exit nozzle as well as the upright primary heater bypass system and duct to transfer

the heated air/CO2 mixture to the ejector section can be seen. On the left of the photo-
graph is the array of C02 gas sampling bottles. Figure 28 presents a view of these

same Items (less gas sample rack) looking in the downstream direction. Figure 29

presents a better view of the gas sampling setup.

3. INSTRUMENTATION

Test instrumentation is schematically indicated in Figure 30. The secondary

airflow instrumentation system consisted of a venturi, measurement of the total pressure

for airflow calculation, and a throat static pressure to insure that the venturi was choked.

Downstream of the flow profile straightening screen and stilling section, the total pressure

(PT1 ) was measured with a five tube rake just ahead of the ejector system. Static pressure

was also measured at this station. A total of 13 static pressure taps were located in the

mixer, diffuser, plenum, and nozzle section. To identify these static pressures with

the various mixer spools, refer to Figure 31. This figure identifies the total pressure

rake locations as well as static pressure taps. The circled numbers indicate total
pressure rake stations; i.e., 1 identifics the total pressure rake just ahead of the
mixer, and the average total pessure at this station is iT1. There were four total

pressure rakes, three in the 5.35 inch diameter mixer duct and one in the 6.35 inch
diameter plenum duct at the exit of the diffuser. The rakes utilized equal tube spacings

in single spokes, as opposed to equal area tube locations. The center tube of each rake
was located on the duct centerline. The tube spacing was 0.89 inches for the three rakes
located in the 5.35 inch diameter section and 1.06 inches for the single rake located in the
6.35 inch diameter section. All pressures were measured on direct reading gauges, and
photographs of the pressure gauge panels were taken for each test point for later data
reduction.

Note in Figure 30 that each of the mixer anii diffuser total pressure rakes were

teed to the gas sampling bottles as well as to the rect reading pressure gauges. Figure
32 illustrates the approach used in acquiring an Iniividual gas sample. A probe inserted
in the stream was used for both total pressure measurement and gas sampling. This probe
was connected to a gas sample bottle through a series of valves, and the bottle was con-

nected to a vacuum. When the solenoid operated valves were opened, the sampling fluid

was drawn through the bottle. After an appropriate time span (10-15 seconds) the lower
solenoid valve was closed, and then the upper solenoid valve was closed, capturing a gas

sample within the bottle. The bottles were then removed from the rack by closing the
hand valves and disconnecting the hoses at the coupling.

The analyses of the C0 2 -air mixtures from the sampling systems were performed
F at Marquardt by using a Beckman Model 315A nondispersive infrared gas analyzer. Three

of these instruments exist at Marquardt, and two were designed to sense specific pollutants,

i.e., carbon monoxide, CO, and nitric oxido, NO. The third instrument was originally
calibrated for C0 2 , and was recalibrated for these tests.
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Figure 28. llypermixing Ejector Test Setup-Front View
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Operation of the Beckman instrument, which is shown schematically in Figure 33,
is baied upon the differential absorption of infrared radiation energy of a specific wave-
length in a referevce and sample chamber. The gas in the referenme cell does not absorb
this specific radiation, and the light beam will pans through this chamber to the detector without
depletion a energy. The equal light beam passing tk.-ough the sample chamber loses a por-
tion of its energy, dependent upon the concentration of the particular gas species in the
sample. These parallel light beams are tWan passed through both sides of the detector,
which contains gas of equal concentrations of the particular species. The detector gases
absorb radiant energy at the specific wavelength, raising the temperature levels of the
confined gas. Since the reference chamber absorbs no energy, this side of the detector
becomes hotter than the sample gas side. The temperature differential produces a pres-
sure differential which deflects the diaphragm separating the two detector chambers.
This causes the detector to become a variable capacitor which produces a signal in response
to the species concentration in the sample gas. This signal is electronically conditioned
to produce a meter re.tding.

These instruments are equipped with two external calibration adjustments normally I
used to compensate for component performance variations with time gor example, lamp
filament output variations over a period of years). The first adjustment is the zero adjust.
A sample known to be free of species which will absorb radiation at the same wavelength
as the detector is passed through the sample chamber and the instrument zeroed. The
second adjustment is used to set the instrument gain. A gas sample, containing a known
amount of a species which will absorb radiant energy at the specific detector wavelength,
is passed through the sample chamber, and the meter reading is adjusted (with the atten-
uator) to produce a preselected reading. Calibration of the instrument rosponse for the
range of concentration of the species of interest is accomplished by using a number of
known gas samples of different concentrations and recording meter readings with the
zero adjust and attenuation adjust fixed. Once such a characteristic calibration curve is
obtained, the instrument can be set (zeroed and gain adjusted) for each day's operation
by use of a single reference sample.

A sample pretest and post test calibration is presented in Figure 34. The cali-

bration shown is meker reading versus percent CO by volume in air. This curve is
then converted to percent CO2 by weight in air by teappropriate molecular weight
relationships.

4. TEST PROGRAM

As discussed in a previous section of this report, the ejector test item design
flow rates were:

Secondary Airflow Rate, WS = 5.70 lb/sec

Primary Flow Rate, Wp = 0. 62 lb/sec.

The design flow ratio Ws/Wp was then 9.19 and corresponds to the air to UDMH
fuel ratio at stoichiometric conditions, Test conditions which varied the secondary flow
rate over the range of 25% to 125% of the design value were developed. Similarly, the
primary flow rate was varied over the range of 50% to 125% of its design value. The
resulting Ws/Wp variation was from 1.8 to 18.4. The developed test conditions are
shown in Table XIII.
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In order to evaluate the hypermixing ejector, the test item was first tested
without scarfing the nozzle trailing edges, thus resulting In an annular nozzle which
by definition does not incorporate hypermixing. These tests were conducted with
design secondary airflow with the primary flow varied from 50% to 125%. The ejector
nozzle trailing edge was then scarfed in accordance with Section VIA, ad the tests were
run over a range of secondary and primary flow rates. Table XIV summarizes these
test runs together with those conducted for the annular nozzle. Note that the air meter- I
ing venturi and exit nozzle sizes are indicated for each run. As stated earlier, smaller
sizes for these components were utilized for the 25 and 50% airflow cases.

It should be noted that for Runs 1 through 9, inclusive, the various inter-
changeable mixing spools were left in a fixed position, namely, that shown earlier in
Figure 26. All data for these testa will be shown for the instrumentation arrangement
of Figure 31.

5. TEST RESULTS
Typical axial static pressure distributions at 100% secondary airflow and for

a range of primary flows are shown in Figures 35 and 36, for the annular and hyper-
mixing configurations, respectively. Station notation is indicated at the top of each

figure, together with the ejector nozzle trailing edge station. In each figure, the
local static preesure is divided by the average total pressure at station 1. It will be
noted that there appears to be little difference in static pressure rise mixing length
between the two configurations. The maximum pressure rise occurs at station 2,
which corresponds to a mixer L/D of 2.83.

Figures 37, 38, and 39 present total pressure profiles at stations 1, 2,and 3
as identified in Figures 31, 35,and 36. Comparisons between the annular and hyper-
mixing ejector nozzles are again made at 100% secondary airflow for differing amounts
of primary flow rate in succeeding figures. At station 1 in each case, the flow was quite
uniform, showing the effects of the flow straightening screen and section length ahead of
the ejector test item. At station 2, the approximate point of maximum static pressure
rise, the total pressure is somewhat distorted, with minimum pressure occurring at the
center of the duct and maximum pressure near the walls. At station 3, corresponding
to a mixer L/D of 5.82, the total pressure distortion has reduced considerably but is
still present. In comparing the annular and hypermixing ejectors in these figures,
one finds very little difference. This conclusion was supported by static pressure dis-
tributionc of Figures 35 and 36,which also showed little difference between the annular
and hypermixing configurations.

Figures 40 and 41 present CO2 sampling data results at stations 2 and 3,
respectively. In each figure, the secondary airflow was at its design value, while the
primary flow rate was varied from 100 to 50%. Comparisons are again made between
the annular and hypermixing configurations and again the results indicate very little
difference between the shapes of the profiles.
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Comparison of all annular and hypermixing nozzle data led to the conclusion
that there was virtually no difference in mixing rate between these two ejector con-
figurations. Shadowgraphs of the hypermixing configuration exhausting directly into
ambient air were taken over a range of pressure ratios*. These shadowgraphs are
presented in Figures 42 through 46. It may be seen that there is very little spreading
of the nozzle exit wake, and in fact it appears that, as the nozzle pressure ratio is

increased, the wake tends to move toward the centerline rather than spread outward.

Based upon the foregoing results, it was reasoned that the selected design for
the hypermixing nozzle did not provide a sufficiently large radial flow component to
be effective and therefore did not introduce the desired vorticity into the flow. A
proposal was submitted to the Aerospace Research Laboratories to modify the hyper-
mixing nozzle and run additional tests. This proposal was accepted by ARL. The
following sections of this report ciemcribe this ejector modification and its experimental

evaluation.

The foregoing has presented only a brief review** of these initial test results,
sufficient to draw the conclusion that the original hypermixing nozzle design offered
little, if any, performance improvement over the simple annular nozzle. In discuss-
Lng test results for the modified hypermixing ejector, additional test data for the
annular and hypermixing ejector (Runs 1-9) will be presented for comparison.

*Ejector design pressure ratio is 19.3
**Additional test data is presented in Appendix B of this report.
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SECTICK X

MODIFIED W'PERMIDING EJECTOR DESIGN

The hypermixing ejector concept with two-dimensional subsonic flow exit nozzles
has been convincingly demonstrated by ARL In past test programs (Reference 5).
With the ejector ramjet engine concept developed in this program, the ejector subsystem
is annwlarand the primary exit flow is supersonic. The annular ejector creates an axi-
*.mmetric flow pattern but locally approxiniates a two-dimensional nozzle flow field.
'Therefore, the supersonic exit ik the fundamental difference between tha ramjet ejector
and previous ARL tests.

With the hypermixing ejector design developed in this program (See Section VI!
cf this report) the radial or vertical flow component results from the novzle exit plane
static pressure differential. With this ejector configuration, the nozzle throat is
horilontal. The resulting flow pattern is shown below:

As discuspad in the precding report section, this ejector nozzle configuration resulted
in little, if any, increase in local mixing inteaisty.

The ARL exit nozzle geometry was sgain reviewed. The baseline configuration
is shown below:

I

Scarfed Exit Nozzle

S"Plate
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In particular, it should be noted that the nozzle throat centerline is inclined to the

horizontal axis. Marquardt/ARL discussions led to the conclusion that the nozzle

thr oat of the supersonic ejector nozzle should also be inclined. Several ejector nozzle

configurations, which inclined the nozzle flow axis to the horizontal axis, were developed.

FL.ure 47 describes the selected configuration. The nozzle flow centarline axis is

int 'ned 15 degrees to the horizontal; therefore, a large radial or vertical velocity

component will result. Furthermore, adjoining nozzle segments will create large

vertical. velocity differentials, resulting in zones of Intense interaction. ARL's test

experience indicates that these intense local flow interactions (i. e., stream vortices)

are basic tW the hypermixing concept. It should also be noted ýn Figure 47 that this

corliguration provides for flow splitting at the juncture of adjoining nozzlk. segments.

In addition, this configuration results in a smooth exterior geometry.

The rrculting ejector nozzle configuration is mechanically more complex than the
inlial design but can be machined by using conventional techniques. The small nozzle

sir is more o a constraint than nozzle geometry.

In the ejector design presented in Figure 47, the existing ejector was modified

~ I to Incorporate this design approach. The nozzle section of the initial ejector design

wa I cut away, and the new nozzle section was welded to the existing hardware. It

shLald be noted that the ejector radial location, number of nozzle segments, nozzle

throat area, and nozzle segment aspect ratio did not changc from the ±nitial design.
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SECTION XI

MODIFIED HYPERMIXING EJECTOR EXPERIMENTAL PROGRAM

1. HARDWARE FABRICATION

The Modified Hypermixing Ejector Test Item was fabricated in Marquardt's
experimental ehop. Completed aisembly photographs are presented in Figure 48 and
5igure 49. No additional hardware was required.

2. TEST SETUP

The test setup used to evaluate the initial hypermixing ejector design was also
used to evaluate the Modified Hypermixing Ejector. This setup is fully described in
Fection IX of this report. Figures 50 and 51 are photographs of the Modified Hyper-
mixing Ejector Test Item installed in Marquardt test cell 7.

3. INSTRUMENTATION

The test instrumentation system used to mteasure the performance of the initial
hypermixing ejector design was also used to evaluat-. the Modified Hypermixing Ejector.
This test instrumentation system is described in Section IX of this report.

4. TEST PROGRAM

The Modified Hypermixing Ejector was evaluated over the range of 50% to 125%
of the primary design flow rate. The secondary flow rate was maintained at its design
value. Nominal test conditions are summarined in Table XV. A test run summary is
presented in Table XVI. As discussed in '-ection IX of this report, three mixer spools
and two mixer total pressure rakes could be arranged in several different test configura-
tions. The mixer spool configuration for each test run is presented in Table XVI. The
location of the total pressure rakes and static pressure taps for each test run is presented
in the following subsection ot this report.

5. TEST RESULTZ

Axial static pressure distributions for the Modified Hypermixing Ejector nozzle

configuration are shown in Figures 52 through 54. As shown at the top of these figures,
the constant diameter mixer spools and the two forward total pressure rakes were
arrangd in several test configurations. Note that total pressure rake 3 for the initial
ejectox nozzle configuration (Figure 26) has been moved forward and renumbered 1.5.
In comparing these static pressure distributions with those for the annular and initial
hypermixing nozzle configurations presented earlier, it is noted that the maximum
static pressure rise is achieved in a much shorter distance with the modified hyper-
mixing ejector design. The test configuration shown in Figure 53 is believed to offer
the best test Lastrumentation location to determine this pressure rise, and it may be seen
that the peak static pressure rise occurred at about station 13* rather than at station 21*

*WPAVPD = 100%

Pa a89
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for the initial hypermtx and annular nozzles. Also, it is noted in 'Figures 52 and 53f
that the static pressure decreases beyond about station 17.5, indicating that for these W

configurations the mixer is too long and that viscous losses are beginning to build up.

F-,i Figure 54 with the shortened mixer length does not show this characteristic and indicates
a higher static pressure ratio at the end of the diffuser, which is the result of eliminating

•: these viscous losses.

Figure 55 presents a comparison of the axial distribution of total pressure in the
mixer for the annular ejector nozzle, the initial hypermixing ejector design, and the
modified hypermixing ejector design. This comparison is based upon nominal design
conditions for both the primary flow rate and secondary flow rate. In addition to
presenting the averaged rake total pressu-e data in the mixer and diffuser,
shown as open symbols, total pressures 'romputed from measured static pressures
and continuity relations are shown as solid symbols. Conclusions that were drawn
from these results include:

1) The maximum total pressure recovery in the mixer is essentially
identical for the annular and initial hypermixing nozzle configura).ons,
thus supporting previous observations.

2) "The maximum total pressure for the annular and initial hypermixing
nozzle configuration occurs approximately at station 21 (15.5 inches
downstream of ejector nozzle trailing edge).

3) The maximum totai pressure for the modified hypermixing ejector

configuration occurs at station 13, indicating the reduction in mixing
length achieved with the modified design.

4) The absolute value of maximum total pressure achieved between the
initial aw' modified hypermixing designs cannot be compared directly
inasmuch as this parameter is strongly affected by actual test conditions.
It should be noted that the notation Wp/WpD = 100% or WS/WS = 100%
represent nominal values, and the actual values may vary k 5V.
Comparison of total pressure pumping ratio and mixing efficikncy
between ejector configurations is presented in this report section.

In discussing Figure 55, the question might be asked about fairing the data•
curves through the static pressure-continuity values rather than the total pressure

rake data. In addition to there being more static pressure data, the averaged
total pressure rake data tend to give erroneous values when the flow is
not uniform. In the initial sections of the mixer, an arithmetic average tends to
underestimate the total pressure since the lowest reading tubes represent a small
percent of the total flow area or mass flow. On the other hand, with long mixing
lengths, a turbulent flow profile characteristic is developed, and an arithmetic average
tends to overestimate the total pressure by not accounting for the large percent of area
and flow developed near the walls.
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Similar axial total pressure distributions are shown in Figures 56 and 57 for
"the annular and initial hypermixing ejectors, respectively, over a range of primary
flow rates. t will he noted that the required mixing lengths for both configurations are
similar, supporting the earlier conclusion that the original hypermixing ejector
offered no advantage over the annular ejector. Note that at the low primary flow rate
both ejectors achieved the maximum total preusure at about station 11, whereas for
the higher primary flow rates this maximum was delayed to approxmately station 21.
With respect to maximum total pressure level achieved, it should be noted that these I
levels (PTmax/lPTl), as a function of secondary to primary flow rate (Ws/Wp), are
essentially the same between the annular ejector and the initial hypermixing config-
uration except for Wp/WpD= 125%. Nominal test conditions were not achieved with the
annular ejector (Runs 2-23) in that only about one half of the desired CO2was delivered to
the primary. Had nominal test conditioas been achieved, it Is believed that the pressure
rise for the annular ejector would havo increased to that achieved for the initial hyper-
mixing design.

Figure 58 presents similar data for the modified hypermixing ejector for a range
of primary flew rates. As noted earlier, the maximum total pressure was achieved
with shorter lengths, and, unlike the results presented in Figures 56 and 57 for the
annular and initial hypermixing design, the uixer length for maximum total pressure I
rise did not change appreciably with primary flow rate over the range of WS/Wp tested.

The effect of varying secondary airflow at constant primary flow could only be
determined for the initial hypermixing ejector configuration. (See test conditions in
Table MIV ). These data are presented in Figure 59. Over the range of Ws/Wp
covered, the length required to reach maximum total pressure varied little. It
will be noted that the maximum total pressure ratio grm..Arally decreased as the value
of Ws/Wp Increased. An apparent exception to this rule Is observed, however,
inasmuch as the pumping ratio for Ws/Wp - 6. 63 exceeds that for WS/ Wp of 4.76.
However, a larger exit nozzle was used for values of WS/Wp - 6.63. The Mach
number into the mixer has correspondingly been increased, which increases jet
pumping. Increased jet pumping with increase in M1 is shown in Figure 60, where the
maximum total pressure achieved in the mixer is plotted versus a correlation parameter
involving M1 and Wý, 'Wp. As may be seen, this correlation applies with good accuracy
to the annular ejector, initial hypermixing ejector nozzle, and modified hypermixing
ejector.

Figures 55 through 58 provided the necessary information to define the mixer
lengths required to achieve full mixing. The mixer lengths required to develop maximum

mixer total pressure and to develop 95% of this pressure rise were determined. Figure61 compares required mixer length data (in terms of mixer length/diameter ratio) for the
annular, initial, and modified hypermixing ejectors. It clearly shows the major reduction

in required mixing length discussed above. At the ejector design point, the required
mixer length was reduced apprmimately fifty percent. In addition, the data of
Figure 61 supports the general conclusion that there was little difference between the
annular and initial hypermixing ejector designs.
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U
Marquardt had previously conducted several ejector/jet compression test

programa under U. S. Air Force sponsorship. As a result of this work, required
mixer length was correlated as a function of the number o( primary nozzles, the
primary exit Macb number, the secondary/primary flow rate ratio (Ws/Wp),
primary/secondary total temperature ratioand mixer/ejector geometry. Figure 62
compares this experimentally derived mixer length correlation with the mixing
length data obtained in this program. With the exception of the Wp/WpD=50% data
(i.e. large correlation parameter) the data obtained in this program compare
well with the previously developed correlation. At the WP/WPD= 50% test
condItions, the ejector nozzles may have experienced flow separation. Test instrumen-
tation did not permit resolution of this question.

As a summary presentation, Figure 63 contains the following:

* The modified hypermixing ejector mixing length

data obtained in this program.

* Marquardt's previously derived mixer length correlation.

0 Mixer length data from several previous Marquardt test programs.

Data are shown for one, four, eight, and thirty-six primary nozzle
ejectors. In addition, data for the annular ejector* tested under
Contract AF33(657)-12146 are presented.

Mixer efficiency is a measure of total pressure and momentum losses in the
ejector nozzle/mixer. In order to determine the mixing efficiencies achieved in
these tests, actual test conditions were used as Marquardt ejector ramjet performance
computer program input, and mixer efficiency was parametrically varied until a
a pumping total pressure rise that matched the experimental data was achieved.
"Typical results for the annular no"zle are illustrated in Figure 64. These data indicate
an achieved mixing efficiency value between 98.5 and 99%. These values are consistent
with previous experimental data and verify the 98.5% assumption used to predict ejector
ramjet performance.

Similar mixer efficiency data for the initial hypermixing configuration are shown
in Figure 65. The data again fall between 98.5 and 99%. Finally, lata for the modified
hypermixing ejector design are presented in Figure 66. Although some difference in
shape of this curve with the two previous curves exists, the general result is that the

mixing efficiency is about 99%. The conclusion then is that use of the hypermixing
nozzle to shorten the length required for complete mixing does not introduce additional
pressure losses into the system. It is probable that the reduced length results in reduced
friction losses in the mixer, thus offsetting the mixing/shock losses incurred with the
hypermixing ejector design.

* Dejector nozzle =0. 63 (See Section VII of this report.)

Dmixer
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Finally, Figure 67 indicates the mixing efficiency for a large range of
secondary flow rates with consUtant primary flow for the Initial hypermixing config-
uration. Two distinct curves are seen, where one produces the familiar 98. 5-99%
mixing efficiency value, while the second provides mixing efficiencies of greater

than 99.5%. This second curve applies to the low mixer inlet Mach number data
discussed previously, resulting from use of a small exit area nozzle. This result
indioates that mixer inlet Mach numb6r, M 1 , should be low for high mixing efficiency,

while previous data (Figure 60) indicate a lower pumping preesiure ratio as M1 is
decreased.

Total pressure profiles for the annular, initial, and modified hypermixing
ejector are compared in Figures 68, 6%,and 70. In these curves, the primary and
secondary flow rates were nominal design values. The conclusions drawn from study
of these curves support the previously presented test analyses anid, therefare, are
not reported here.

Appendix C of this report presents additional total pressure p rtsfl• data. In
addition, this appendix also presents carbon dioxide profile data. The CO2 profile

data support the test analyses/conclusions reported above and therefore are not
presented in the main body of this report.

It has been established from the achievement of maximura. static and total
preesure rise in the mixer that the required mixing length for the modified hyper-

mixing ejector occurs between axial stations 13 and 15. At these stations, the flow is
noL. uniform. This is illustrated in Figures 71 and 72. In Figure 71, the C02 distortion

factor f is plotted versus mixer axial station, where '"f is defined by

f' fmax- fmin

T
A given quantity of CO2 was injected through the primary nozzle. If the flow were
complete'y mixed, the weight percentage of CO2 would be constant at a value

WcO,

PWS

and P would be equal to zero. Values of 'P greater than zero then are a rueasure of
nomniformity of the injected CO2 across the mixer. In Figure 71, f sItarts out at a
high value at the ejector nozzle exit, indicating nonmixed flow, and then decreases
almost asymtiotically with mixer length.

Figare 72 presentb similar total pressure distortion data as a function of mixer

length. Here the distortion factor was defined as
PT PTm n

PTave
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The shape of this curve is similar to thatct fl, and serves to illustrate that the
length required for complete mixing is a function of the parameter chosvaý i. e.,
static pressure, total pressure, total pressure distortion, etc. For tL. iuzpde
of ejector ramjet engine design, the length required for maximum total pressure
rise is the most meaningful parameter, inasmuch as engine performance and efficiency

increase with pressure while not being particularly sensitive to flow distortion. The
length provided by the diffuser will provide additional mixing, thus reducing total
pressure distortion and f ', and at the same time increasing combustor static pressure.

A sample indication of diffuser performance is given in Figure 73.
Ideal and measured total and static pressures across the test diffuser are shown for
design airflow and primary flow values. The total pressure recovery across the
diffuser was 0. 991 compared to the ideal 1. 00. For a diffuser entrance Mach number
of 0.361, the diffuser efficiency is 89%. This efficiency was established by using the
results of Figure 74. A diffuser efficiency of 90% was used to estimate ejector ramjet
performance. Based upon this limited analysis, the 90% diffuser efficiency value

j appears to be warranted.

The foregoing results indicate significantly improved mixing with the modified
hypermixing ejector design. Shadowgraphs were taken of the flow at the exit of the
modified ejector nozzle dumping into ambient air over a range of pressure ratios.
TIhese shadowgraphs are presented in Figures 75 through 80. In comparison to the
shadowgraphs for the initial hypermixing ejector design (Figures 42 through 46), the
modified design provided distinct radial flow patterns which by alternating the directionin and out provided the necessary vorticity to increase rapidly the rate of mixing.
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SECTION XII

CONCLUSIONS & RECOMMENDATU20-

Six fundamental conclusions were drawn during conduct of this program. 'Zhnsva
conclusions are presented below.

1. The specified engine operating envelope was 1ach 0. 70 to 0.90 from
sea level to 30000 feet altitude. The engine design point was taken as Mach
0. 75 @ 20000 feet altitude. Three ejector ramjet engine cycle variations
were evaluated at the design point: 1) Fuel addition - mix/diffuse/izurn; 2)
Fuel addition - simultaneous/mix burn and 3) Oxidizer addition. Tut fuel
addition-mix/d~ffuse/burn cycle was clearly shown to be superior. The
selected fuel was unsymmetrical dimethyihydrazine (UDMH).

2. A preliminary design of the fuel addition-mix/diffuse/burn engine was
established by using realistic component efficiencies and UDMH thermo chemical
properties. Engine performance was estimated. At the engine design point,
the ejector ramjet produced about twice the thrust of a conventional hydrocarbon
fueled ramjet with a small penalty in specific fuel consumption. It is
believed this engine can be developed with a suitable program.

3. The initial hypermixing ejector design developed in this program was
annular in planform, the ejector nozzle centerline was parallel to the mixer
centerline and the supersonic exit nozzle was scarfed in alternating nozzle
segments to create the desired vortidity. Tests of an annular ejector and the
hypermixing ejector showed little, if any,difference in performance. Performance
was measured in terms of mixing length required for full mixing and mixing
efficiency. Mixing efficiency is a strong indicator of the ejector nozzle thrust
coefficient (i.e., nozzle efficiency).

4. The initial hypermixing ejector configuration was modified to incline
the ejector nozzle centerline 150 to the horizontal mixer centerline. All
other ejector design characteristics were unchanged. The mixing performance
of this ejector was outstanding. The length to mix fully was approximately
50% that of the annular and initial hypermixing designs. At the ejector design
point, full mixing (maximum mixer total pressure) was achieved in 1. 7 duct
diameters. To achieve 95%of the maximum mixer total pressure required 1. 3
duct diameters. The mixing efficiency of this ejector configuration was equal
to that of the annular and initial hypermixing designs, i.e., 98.5 to 99%.

5. The required mixing length for the modified ejector design correlated :1
well with previous Marquardt ejector/ejector ramjet test data. As pointed out
above, at the ejector design point, full mixing was achieved in 1. 7 duct diameters.
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It is interesting to note that while maintaining ejector geometry/test conditions,
approximately sixty individual planar nozzles:is required to achieve the same

mixing length. This relatieship was developed from prior Marquardt test

experience*

6. The use of hypermixing ejector technology has demonstrated a short,

light weight,and rellatively simple ejector/mixer which meets the requirements

of a& attractive ejector ramjet engine.

Two recommendations are made for future work.
I 1. The modified hypermixing ejector performed quite well, but this design

was not optimized. Further experimental work should be undertaken to refine/

optimize this ejector design concept for supersonic primary exit conditions.

2. Additional applications of this ejector technology should be considered.

Two specific examples are: 1) Ducted Rocket solid fuel gas generator primary

nozzle(s) and 2) Boundary layer energized large angle subsonic diffusers.
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A summary is presented of the results of an experimental inves-
tigation to determiner the operating characteristics of uflsYMMtifll~IC
dimethv~hqdrazine (VDMtH) as a monopropellant. Smooch, relable,
thermal decomnptsition was obtained with a chamber having a char-
acteristi leigth LV) of 500 in. At thia V. tesits were made over
a chamber-pressure range of 50 to 600 psia. The characteristic VeOc-
it- (W) at 300-psia chamber pressure was found to be approximately
3200 ft/sec. Also investigated were: (1) the catalytic decomposition
of mixtuiares of VDMH and hydrazine, (2) the thennal decomnpoultion
of UDMII at Li valik-s of 2115 to 8000 in.. (3) the thermal deco..-
position of UDmiE utilizing regeneratively preheated fuel, and (4)I
the thermal decomposmition of UDIH ui~izizag supplementally Pre-
heated fuel. Testing under this latter condition permitted operation

at Vvalues as low as 366 in.
Exhaust gases were analyzed, and an attempt was made to deter-

mine quantitatively the carbon conzent of the exhaust products.
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7. F. Lmeaaheeiy rcs of te'mpe'ratare' iiie'asurm nl't pluas smippiemnwntury weai -from anw-UMastiy source.
are' involived asimem the' teinaprataare's we'rt aneasmared hy
aim14.am1% df ia htare' dareasme'-iaiaanei timerimeacasple lemc'attde a. Ojmcrvition 011e' rege'knintire'ly hedileI fiquidt hip je.
in tiit, eniater of the- ehamilwr. Tim' e'p'mixawmmta41al 11114 lion. A regent-rative'li-batiaag systemt was; failwicatcnd by
tlmdee~tic-ai a- rurve% siwaw Ilitter aagrieemneit its sheajN' or wvrapping~ time ch lpestt aa dwber with Stainiess-stde'ei
anwaoest ofI change' fiver time- IMK?. tea CAN). psi.. ramage'. Witt shbiuma, .as slacawim iam Fit.,7 Ti'LDtlase lreaa
ftime ,mmeasss9ri'd vaiaac's are aimemit UK) ft Sv ieAwe('r 01311 this tioil fromaMe tmias aatemaatea fti- toap ofi tim chambero
theoretiVal V41lue4S. colle'cting himeat triansaaaitte'ei tia it frown th&.ekvcmeajies-ition

imow. Tixe Ilo-at haud paiaoe'd thimreaag a Ia-isa, ceramic liner
(hil time' laaasis a oaeciuaml vsp'niat'a-taal results, it is evidei'it acaul tWem staal'sseIWadik Alf 0.153431. total tlaivknc-Su.

gai-teel ave' a smuall. lWit eie'te-tealie'. effe'ct ons peOrfearmanaaae spraav iaaji-Li.tea the iaake-clr iveusiare' ceap maintainetmtcmzgr n ianierinesueevrtm'rstg'iie5i lm iete ae1ta'nwn irci a tm'ielM.'u
Cal lI)hII as a utoeaneproixe'laat. laigla emumouail prhar upstArain o falit-m inje'ctcr tea 6-t-p

flt-me L'NIiI jim a liquidd state. At &lew reate's oaf 0.0M' to
1,. lFffvud 4e V. int gai'rtfum~er. Athtimwgh mewt of time 0.011S l1b se. fe'e'e ite'saipraattares of 170O to .31111F we're

ti)%iii teseting, was (lone' eat 4-4W. tot &*IG-n. V.. tINt recearelee fair dwtwite i ted Il~pajuj UDNIIJ.
were'A eulia mai eat 2115. Mo7o. 1800. eand 78770 tot W00 in. Inta wemtd Orhetui--ai-*v- btu
Avereageed re'aaatit Are ioawludele in Tabli's 1 andI 2. No, Iiillwiaee)ciamart'ajeraeasser'Iuma
irenet aim chuenixiaer trolmit-reatiart 4 ear e vallcs ensu m i me' to lIx' ejisite critical in~ %tarlitia 0% t i'i. gas~eruwahwa sslae
d1eteced fete the' 1. rauge uine'stigaated. Momtamropeitant uasinag the' rlen'ti'-mael t . Opintiseiimu %wimtimg tc'aa-

eaperataime ceaal n t b' %tenexl 'Ixia'lew 211154ni. Vi. Ix'ratta re'. as ineliceateel wflit-e flaare' firmaelaasa ixer-
meaceama11ple'. was aia'eniiaiiiat'lv vIX-e'peie',we tea lIx' freani

Table 3. Calc~ulae P fer~mance of UOMH 11W)0 teo 1:3) F. At lahiozher !eejape-ratiure's. eiloc'mijwas-tioin
"as MelSp apue koa in time 4.1ail was likelyIo' tea -11 emcar esl tecleld twit Ie' !ieV'eei

- - ~~tirneegh t1M' ismietear Wilatl time' cimeamie-r by4 incr'asiamg

I _____________ a3ae IlM II .pe'rfornaane'e dlata v ~'Aisd T. 1 undeir

10.33 11."2 MISSet~iciemie-seaii ceanelithuws% diiejete 'tatea *ere' liois'l
. p1334 147 Ism4 in TealVAle 4. cande e v'aiiae Aert, rlhte'eilln Fill. S. It r~an lIe'

4% M 44 113 W411 aim fig. S timAt r'~ie~ts a'asm as. an
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TcAkl 4. Exeimed" subm mppl
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CHAUER PUESSM, POW (?5O0

1166CEf~ of Rba -SoGralw New"@ anlm

oper~ation resilted in c* inergeasvw OVer that for ,ag1IMeaata
liquid feed of approximately 100 ft/ame. It is postualated
that this small c' incrieuse resulted (men reduWatn 4i
over-all systm, he-t loss.

b. Ojrwamtn wih regtenr~Msiewy heared Colu laire-
tion. In th-.- cottrw- of operating a UD%411.gaXs XnrOWMnr
uvnder valNWYA-d-uin1meton twlitiona. finir eksiv moli.
ficatims were mad4' In f.ud-r to prinwki. (sw impliwet
vaipewization. Firit, tiw' Iwuilkow-vhl spray injecttr wa"

reI'wIMM andl j rrtrietkm wA'% pwia-i in t~w' NOa tubing

ivali041tiirn JstaNfe ti fulmiiiaaliy that di( thix rhamiwi' J1S%.

siitre rx-rwnitt'd vapiwizJtionI toe take jgwc' attepearn
r~wel~d in tiu wax- ije~.ep1m.'I~uens

Sd~xoumd. nv~i~itanci* tW Im-at flemw friun dkitctipiuitimr
,znt* to) hiKi~nnifl U. )%l1 was n-deaelew Isw a wtde'*gn ati

Fig, 7. UOMH- Decompositionl Ckombgr with EuteneeI the, eleitritvil hvi.otiviit %'&%tvito %u1 as% ftO.ilikilidtr 16,
p A~~~~even..etiv. Fuel Hooter aritwligate'. l11%tv.11l ofi the. lmer.. a itvistirl veai'r enuitru
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jet V'repiDso Leheeatery
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Fig.~~~~~~~~~~~~~~~0 9.9009opeiiio hmeNcrm ~i UP~ nLmCr

wa ar lotdi h-cabralhaigwr a hns h an sfrhae-iudijdcn aei
visilt-41 ~ ~ ~ ~ ~ -:: armn hs sson-nFg .psil ooprt 70i.Vg pvtaa ihvro

feI tcubrpesn- o vrWpiwk vo.
I1r .i p i 4 n rt il h a r nf r rs le r m r s o lA t ie l w rt falii .0 l s . Th

riiAviasjnr the in alw chiaern aoiIai i' uaddithiongs the siiaio as fir lw iated ctq~ inj te tripn, actioni

third. Impnweve t i. a hena t mns oid tip nfe rthais innnro athabrpesnsntovri)pihihorI
.V' - 011moi.hwvr,4 inFga 0 chamber witInu - towl us~ Ilk prranne chambler of Fig. 12 made- it tiswsibli- to increaste L'~l)M
f:ltae i. emk ae rmu vapiorizatiori rate to 0.02 lb inc and clwmbher lircusrc, to

Il)Uhl~~~de~~~wnj~~witkm2 ziommite urerpd sra at essentially the samw V (4W53 in.). Vapior tern-
tinsof eatqmakly liPed te W'tifI.peraturcs of 242 to 541OF were rtvckwdcL.

The' fosirth mnoelificatiom was catunter-fiow injectimn as
in*ield by* tIk chAinlier sectiovn shwn in Fist. 11. This -h effect of regernorative vapflri74tion on Ul)flf c''

aawwa~i*teom. hm cotibtl)wd with the three previous valee.'i can Inhi jdged fronm the ploatted dlAta in 'Fi q. ht
feAtureS. rseshtnl-1 ill Ilk' 4Miejutspoition chAn%6er shiuwn in TalNdlated da.ta. irkdmading T. v.ihite-sid~~u additional 11.11a
Fiug. N. F.IilltutbmiEfit 'I flt-lw w.av mtsmil1r. Lkiping itlhir at 4- its 414 ps~a. oirv %iaasmt ns T~al~le 3. For tlm. t%%(,
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000

10*

Fij. 10. UDMIN-Decompositon Chamber with Internet lRepwoetiv. ftel No.61.,

VT 7.~ 'r7. babe pressures wihew ecoenparison can he midc. with

As wit Lb .. te-iq injiection, this slight baA detmttable

inrt inc' isproliasbly the resiat 4)f ik'rraw in systern

c. Operdnlmn wivih su~pp-turntally heated ficdi. A seinc
of LTDMII cslwriments wax ivondiwtedc using vaptirzmid.
fulel inji~1i'm foir the* pierposi' of detemining if U13MII

i dtx-t~positiiin vimilcI bl carrie-d twit in u miwbt msalleir
x(liowgr L.') chainhe-r than was foittid to. he 1xpwaihl with

UDMII heating systemi WAS inst~alh-4 It) inrn'aU* the

tive Waatiliu. The vi'~npihie ins-tallaiotwm is sliton iW Fig.
-~~ 1:1. lle-jiting of the- tiNIII wa~ aaoinplishi-d by p~assing

Fig. 1. ConletFiew opori .10UMM Injection Section imromI-i ,fi-tt,4I-i-ii ls t4o-ol1
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fig. 1.Trilple-Sesile UDMI4-Decompouifien Chamber with External and Inervial Eegenerialv. Fuel Haulng

tapwiaat and insick- the fut'l coil. In tlu- arrangtement shown Howcnser. it is wtbrth noting that an appreciable doesc w
in F.ig. 1.3. UMDMI was first prelat'atd r", tmffatively. in both c' arti T. oeccurred when the L' was reduiced to
pwx-d throuigh the supplemwntal nw-tal-bath he-ater. and W6 in., as is evidenrt int the foalowing coinparimon:
then It'd dirtctly into the- top of the decornpasltioa

UD%.H Gas-Genertor Operatio with Vaporizaticn
Regenanioe Codi Supik-measal Heat

By this mecans, it was ponibic to t'xttnd UDNIK gas 474030
gtiwtratcw operation down to an V of 3W in.; no unafle
chainixT% wive tested. Since heat hasa been added to the Chamber Pressure,
,.vstesn. i..owparisoim of resualts with prevously discussed Pc. PWSI 42.49 58
iata have little sigrilficam-s; e* ivd T,. ressults from tests Avg. e~. ft/se~c 2870 21654

maewith added4 heat would he exip-esd to he zone-
what Itigher. asui this in slviwnv In' comparing the limited AvT..F196721
dAta, in Table 6 with data from~ tests withount added heat. NO, Of Tests Averaged 42

5. b tienee. even with adde-d heat, It appears that the lowerI
Is.ne~rt~les. to sallteapemit decompnmstion to

IOP-UDMN~lnxt- twemnc theiin extent~~l~ it (14Mh in larger Oiamber-s. and an
ofivell? Hetd VqW ftd appreeiwhk- amount of u1X41eTx~nPM-%d L)MIH was pro&.

Ce w reso rvve c*Aem . o f Oly lW'ng dishwArge fruin the exhaust wwzvli of thv
ChaberPresur Avrag c verge ,1 Tests 3WSin..I.' chamnber.

30 2)0 ~ S [ 4 C. Exhaust-Gas A.Iysh
_-L 0 ______ At a cehasohemr jlressurt, of V1M) psi~a, valt-ihavitm% hatst'd

1 1220 - . ~~On titnso thsernssoc.luuicagI ".411cililmillsin indilkt .t

147 .4
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FiPg. 13. UDMI4-Gas Generateo with Rotememlaive and
Supplemeaml Mtetaloth Fuel Meeting

-hlat UI.I)IHl 'Jwuld dcimnnpots into) princip~ally If.. N:..
CI,.. awl C. in the, apprnuinutte nuile perctnstap.geti~ f

441~9.I)-O.Cakialated ctoonpcb~itiEofls at 7&.. .1U,- awl
6M0p%iaa leaamn)Ner pressuare ate Ijisto% in Tiblce 7. Mow-
ever. di-e £xperimot-ttjl UDI)MH nleeoprtupeliaint ga~s-
ganxwratkon nperiatkon wotild seein b) indicate that thewe
art- mot toe actsad exhaiarnact Cnorcsitiaini sinc-e dclimrpn-
c*45 b~etween tluwirctitaI .ind. acistalr peirfoormance paamII.

elm ave bee-n anoed.
The- Isfi&winu. twout) madift give results of exixwriniental g.1.Mt-ShSgmooviPwINNgCo

wdA whk-li wa tk to) determine L'MI)NI~h.cbaest
aampoxidam. IUDWOII) eniledi frimi a timt in which 6 lb of UDNIJI

were ee11jmsamm. if ialutut M0 carhe* hail Iem famsd.

1. Pierhustm o WO xhaal pvotmb. cykww as hasd bseen predivite4 4D flu- the is of 06lwrwnnc rlwka
I. ) inmiatia @ M~ ehaut poduts.A ~ci~w akea1lationi. (over 1 lb (of cardwm sloimulk have lwa'n cvA-[ Sepaujrataw, xshown in Fig~. 15. was installed Ion the esliaust h~td culy alual nw*Ci~n~si i p

t h e ! u bl i d c u A l orsiu In t h e e xh a u s t ga " . w. U N r o i l ) N o l u r ~ i t f w W m i c a d u r
Ficeiof 16 tll)NI tlm-g twnrativ installed mpt ta gasllent arato Kmintedl bor.It an Filk.n 17 ionea oil tahle oad c
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IteMV, it AppearS that Vithl-r ilk' V% C11Me WMpar~atfIbr wV.a' Table, 6. Experimentally Determined Moewpvopol-
swat Afetlive in collecting carbon or carbon fiwmition i% lont-UDMH Performance Utilizing Supple-
c4insiderahlY kss than dit nrochemical cakculatimso pre.. mentally Heated Vapor Foed
dicted. "rbbly both of thewe explanations are partially ---

Corc. Lriuis 1gwua*~~~ esu Average c* Average T, yqt
P" Averaedti

pkes were taken by Means of the apparatus shown in Fig. 4810 2 3W is31 3432 1373 3

19. After expansion through a nozzle, exhaust from the 1174 am t o 3201"6

gas generaattw was cimled in a long, horizontal. air-ciioled 1070 100 1 so 2954 1362 6

heat exchanger and then exhausted it) the, atmosphere, W6 71 sad 76 294 1351 2

A constriction at the end of the beat exchanger forced -" -16 -5

a small part of the gas stream to be diverted through
ont- or More traps in order to remove entrained solids results', which consisted of three analyses, included comxi

andl liquids prior to bteing collected in double-endled gas positions of duplicate samples determined one month

ký sample bottles. A bubbler flow-indicator downstream of apart. These samples were included in an attempt to

the sample bottles provided a visual check in order to reveal any effects of sample age im analytical results.

instore sufficient gas flow during the test, and check valves _______

atitomatically sealed off the- sample bottles at the test 'Analyux nimade by Connolidlated JElectdynamics CinParmtati.I
termination. Tests were carried out with a gas generator aam Clion.

having an LO of 43W0 in.; chamber pressure was main-
anmde athWesonition weasu127d teopsto n tempeatur

taintle aths .320 pug. Measure-d7 deopsto n temertur

A total of six gas-sampling tests was made; duplicate

analysis were n54t ito lt~enrmne gas compositions: (1)
Maus specti'ogiapliy and (2) infrared spectrography sup-
plermented by Orsat analysis (Be(. 8). The second method
was used also to obtain the hydrogen-uaitrogcn ratio. The
experinientally obtaine-d carbon-frere exhauist-gas compo-
%itisrnt 41vterm~awd by both methcxls of analysis aret,
%hs)wf in Table 8, together with the calculated thermov-
hellamiral equoilibrium gas ctmaposition dets'nninid tin a Fig. I S. Cyclone Separetor for Qumtetive

earlion-frete basir. (refer to Table 7).7The mass-spectrogriph Carbon Determinatmio

Table 7. Calculated Theoretical Exhaust-Gas Composition from UDMH Decomspeeftie.

Chamber Pressure

Wdwia TO wi1 o

AHY 0. 40 40.2 30.4 38.1 47.1
N.17.7 23.1 39.9 24.9 30.S 2s14

Cit. 11.1 Is.$ 19.7 24.6 22.1 27.3I
NMI 0 0.1 0.1 0.1 0.1 0.2

"5C" to II ppm)l 114 pti) (20 psinII poolp

C 23.4 - 01- 111.2-

0001000 1000 100.0 100.0 100.0
I 1 6690 0# k..~ 0' 4 t2n118 'Ad (2) Ammemg kW'(4 sqwAhw~m 13) We",.. 9i.a ... mel %
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Jot PrOPU1uig. tobworefy _____

Sit-toifit an't dseK vK' ere* losotida: fdsr aapt.lC...
.Autl Nl iswwraedm4 froisg 4 1 .atd 0.1 Ito 1 IS 5at I ..'it awl'
ftesix-ctivei%'; wlrvea%. C~IE. It.. and4 N: %ho4w4II smaller
kev1ease.s Hoeve~r. in a siaauilar coinisurivioAI uiaak- using

the inlr~ard-O1rsat nw-tblod. nto signaificant dahaoges swert

Another clirenpancy lwtwe.vn tie two saw-t~iemi was
noted in analyu-% of duplicate' w~inples from 4xie test. In-
tlais insal~ti1W% tile 33W55 sip4trogIr~aphI %l)4Iwed lfCN auuu

*N11, contents as 16.fl unil 0.8 tool1 'e'. V('%jux-tiV(*lv; witereas.
Ole infraied-4)m, t nuwtfule Ashwed 6.5 andl 10.4 mol VJ.
This cstreou-1av large diffe4.reawe ill NJIl *aaali.4 14-4l1 to a
careful1 prooaf-teistinag eaf thu- ifrared-COrsat iiwtlaaid using
it l%V)tlaeti(.gla% mneotare of known coIxtps-itimin. The
nxt11436 was feaanaac to lx- ejuite' .~accrate' for Nil ( 0.2
nu IN)! as well a% o3ther coniijxoinaits. For this~ rvaon ill)
Isarthiei samaples wiere an~alyzedI by fillaaa~- s~'~aral

An curminatin (if the dlata in T~abk 9 reveals the fell.
lowing items of intcmT:%

1. 91otha anavticaI in-tbloels gave wide- variations in the
mc#'nrtratilims of1 sonle (ompoitents. Moslt of this *

vaflantaa 4x-caJItC4I between 4as-gcnevratcu te"s and
inot between daapllciate samples.

2 . Ilk' aNU11011t Of IW(N and Nil, actually found was

~4ilosiderailly grealter than~ that calcualated on the

blasis taf tle~tIWM~hegllnal Ptejaafililasaa.
31. Toe- actual range of C11. concentrltations wias somne-

v.uiat laigher anel time runge of hydlrogeni concentra.
tiom lower' than calkcolated v'aluesi.

4. Average exhaust-gas cienwpositiein based emt infrared- ~
Orsat reults was as follews: .. ai

Fig. 17. Carbon Separated from. Six Puedsl of
ColmlwMent 3'foI. Aectrvajg UOMN.Gas Go" ý- sle.

CHI .38.4
N, "11.7 S5. Ativenic iOiPtortiofl% for this 'ompo~xsitioan ('4)rr'ptanel

N~l.17.9to ( .1!:N .... wisicim, fowril tthe hlretical c~arillo-
ftc'. eeiuailiblri'lam coImjNoiticto i% (.. -IL.. Tile

Fl, 119 feormula, for UI)NII is C.II.N. Th1is E-olmiparitm

IICN ~~ifulitcates lat a es l~eqolurtiewsaIy. ;ill the nitro.
CHI. 1.7 at-it Andl Isust of tIll ladrogeua .are' a'wnt .%141114 few iay

. .0.3 e~~is~t~ aid i.afubl tlalf I .)Mill. whlle, it
cii * 0.14 41l-1111141A"i.be. 114 11% ha fror ,,f aill carluisa CIt thei

'DI'Lldni ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I% Al'81,11g4 3rss11 1 1::- .11Il Irt j4%40 ISdll 1 it fil. as,.1 4. 01.1'iq Mullie .4 ti itliolrau

S .d'..' 41141 to, aarilos.. Aell 4.4rla'454 %%1,11111 1". .u '1.4t4. ' f Gir
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Fig. Ill. Carbon Formation In Chamber after Vapor- ~' .;<.

Injection Gas-Generation Test Using UDMH
as Figg~peha . 19. UDMH Exhaust-Gas SainoIlng Appoeak.t

fi. 11u, c* vadei cijk-uiittid for the Axivc-aaveragce comn- hetwteii tlu-m- two values pr iahly ri-sultni frcmn
iwwji4fio at 121141 F is 2&35 ft se us comnIvared with inaccuracies in tim- temp.¶ature nwemiasuwnent andl
&alrut 32() ft see actually~ nbsersa. Thi. difference gas Aftalysis.

Table 4.UDMN Exhaust-Gas Analysis with Chamber Pressum v0220 psI,

Calculated Tkwwwkesh.Misn 1XIMare SOd
~as ompoent qulIlb.UM CeMPesitie. Cow! Analysis MoSss pe~rgýp

SO. 12.3 - 34.5 1&- 32

14gr" =A 6.1 17.3 M03-IW

8*0 Old ~ NU - 104 Is - Is

POP-m w 1.2 - 2.3 CA4 0.5
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Jet Propulsion &@bond= 1 PlrJ. h

TabSe 9. UDMV 5whaust-Gas, Composition Determined by Infraed-Orsat Method

Ted 27b Tooe 290 Iee 303 too 364 TOOP 305

CHS 48.0 36.0 36.0 45.0 27. 343 41.0 38J 3w,.A
14 15.3 24.4 30* IM. 34S 27. 23.1 26.8 22
"1, 10.2 12.2 1010 4.1 17.3 I5.I 11. 12A 11.9
MKd 45 2 6.4 10.4 5.5 &F S.9 &.9 469
CA~ 1.9 0.2 0.2 "al RAI Na "a Ma 043
C^M 0.48 Nil MI N"1 0.12 0.14 0.17 0614 0W4
C^. 1.2 1.7 8.7 2.2 IA 1.7 2.1 1.9 Sy?

M.1#.4 17.3 25 -23-.6 13.9 15.7 5LI 11.2 87.9

Atomic praportions___________

HIP41"oe 4.0 6.55 7.26 a5.0 4-" 6.21 7.74 &.1 7.25
1______I .4.2.... £ 20 2'01 1.1 2.0 2.0 2.0 2.02

Table 10. UDMH Exhaust-Gas Ceinpositims
Determined by Mms Sred rog apph

Component - o TOO too 27

CH. 50.4 41.3 U.?
N,22. W6i9 19.0
NI I6.U 1011.11

#ICN 4.8 85.3 I6"
C^N 3.9 2.9 3A4

C6145 1.0 OLA CA

C40.2 0.1 L.2
NM, 0.8 520.
Other___ 8.1 la 8

______ Atomic proportions ____

C2.0 2B0 2.
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UL. CON6-1U5ONS-

Esxjimntal istihgtioa of UDMH as a .- nouwopel- 4. Regenerativy heating UDMH prik to its h* Oa
lant k.ad to the following conclusions: into the cihm|er in the form of either liquid or vapor

1. Lnsmmvetricat dimothylkhxlrazin (UDNIH) can be slightly improved e valuwes. It is postulated that this c
nwtk* to op-wrate reliably as a miono 'opellant under suit- bmftw results from reduction ofo%'.4-aJl sytem bat b oss. m
able tonditions of ignition. injection, aml combustion 5. Employing supp•i•antaily preheated UDMU e-
volume, tends mrowpc1,lunt opeation to chmbers of relatively

2. Chlang in chamber pressure bc•.men 100 an NO0 low LO.
S psi•a fisxliae a small hut detectable in-reaJs in c" values. Carbm formaticm in UDMH decompositom is lees

.3. Clianges in L, lw!%.en 2100 in. and about 8000 in. than predicted on t ibe bsis of thermochemica equdib.
have imo consatent effect on c' values. Hiowever. with rium cAvulationý.. wlwreas. amankmi• and hydre1M
unheate! fuel. an V of 2100 in. is .'e approximate lower cyanide are formed in considerably greter quantities
limit of mxonpr4MeAnt operation, than calculated.
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NOMENCATURE

C = cha•actfutic velocity, ft/sec.

noazie-throat awA. in.-

g = gravitationaW constaat. ft/sec.1

I.. = specific impulse. sac.

V = charia-terdtlc length in.

p. = chaimber presure. pria.

T, = combustion tempenature. OF

V, = combustion volume, in.'

w - propellant How rate, lb/sec.

I . Improvod Liquid Propellonts: Systems with Hydrozine-Hydrazxne Derivaives, Tech.
nical Report No. M-52-1-ONE. Metalctro Corpomation, March 1. 1953 (Con-

2. Rooewch in Chemistry, NAVOID Report 3462. United Stoles Neav OrdueNKw TeOt
Station, Dover, New Jersey, March 31, 1955 (Coniderial).

3. Data on UnsyawwetricaI.DinletAyhydrazin* (DMW), Revisin No. 3. Aerojet General

Corporatio", Azusa, California, June 7, 1954 (CorAaenflea.

4. Proceedings of 2nd Monaopel'ont Conference (Sponsored by Navy wream of
Awronaaticsl. Wyondotte Chemicals Corpoation., Wyandoet. Michigat, Octoe

4.5, 1955 (Confidential).
3. Grant, A. F., Jr., los€ Fac'to~rs involved in the Desilpt end Oprwation of CON110k

Monoprope.Jono.Hydrazine Reaction Chaes, Report No. M0.77. Jet ProWusion

Laboe"ry, Pasadena, California, December 31, 1954 (Cowed•..iiell.

6. Cowmined Monthly Sunmmry No. 58 IFebruary I to April 1, 1957). Jet Preopulsen
Laboratory, Ooodi"na, California, April 15, 1957 IC•. •on iwll
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APPENDIX B

TEST DATA

INITIAL HYPERMIXING EJECTOR DESIGN
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Figure 85. Effect of Primary Flow on Total Pressure i~rofiles, Ws/WSD= 125%
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Figure 86. Effect of Primary Flow on Total Pressure Profiles, WS/WSD= 100%
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Figure 87. Effect of Primary Flow on Total Pressure Profiles, WS/WSD= 7
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Figutre 88. Effect of Primary Flow on Total Pressure Profiles, WS/WSD= 50%
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Figure 89. Effect of Primary Flow on Total Pressure Profiles, WS/WSD= 25%
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Figure 90. Effect of Primary Flo,_ on C% Concentration Distribution,

WS/WSD 125%16

,, 167,



SMUL pRun

125 6-6

50 3-6

ST, TMON 2

10

E4

2

0

10
z

4__

3.0 2.0 1.0 0 1.0 2.0 3.0
r - RAD!IUS -INCHES

Figure 91. Effect of Primary Flow on 002 Concentration Distribution,
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Figure 92. Effect of Primary Flow on C0 2 Concentration DistributionB,
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Figure 93. Effect of Primary Flowj on CO02 Concentration Distribution,
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Figure 94. Effect of Primary Flow on C02 Concentration Distribution,

Ws/WSD n 25%

171

j



v-

- ~~-4- -1 icq
0

I

-q 0 0 c

IL 
002 

t K or0

17



-o - -o q - -- -OG

-77

oV4

di:, dd l~ d c d I (q UO INJI OOU O 0
_174



rj,

.4.

-4Li

0 0 0I

-q 0- - -.

-C- eq 0 C---el IMS ovIuauo0
174.



- -I-

-- 7 -

- - 0

P- .4 -on

_ k c 1%

175



0

0

w 00 .4 V-

0

0 ID

1761



ILII

L-4

00 -4

177#



I
I

I

I4

APPENDIX C

TEST DATA

MODIFIED HYPFRMLNG EJECTOR
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Figure 101. Effect of Primary Flow on Total Pressure Pralulea,

WW/WSD 100%
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Figure 102. Effect of Primary Flow on CO 2 Concentration

Distributions, Ws/WSD= 100%
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FigUre 104. Effect of Primary Flow on Total Pressure Profiles, Ws/WSD=l00%
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Figure 105. Effect of Primary Flow on CO 2 Concentration Distribution, Ws/WSD=100%
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Figure 106. Effect of Primary Flow on Total Pressure Profiles, Ws/WSD= 100%
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Figure 107. Effect of Primary Flow on Total Pressure Profiles, Ws/WSD= 100%
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1871

+• ;, ., I
+l! - ,• - . .. .•; ., , . . . . . . . +, , .I•• +t[• I I '!''• +I • _• ++• ',,-+ .+ -,+ .... -++;< • ++. +,+<.+,,l+.I



IST OF SYMBOLS

026

ENGIE STATION NOTATION

0 Freestream
2 Mixer Inlet
3 Mixer Outlet or Diffuser Inlet

3P Diffuser Outlet

4 Combustor Outlet

NOMENC LATURE

A Area; (A* = Area at Mach 1. 0)

a Speed of tLound
CD Flow discharge coefficient} Specific heat at constant pressureA

D Diameter; mixer divergence area ratio, (----4
FThrustA+

g Gravitational constant

H Enthalpy

h Altitude

L Length
M Mach numberj

C FNJ ~Net Jet Thrust Coefficient, F/cj A
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LIST OF SYMBOLS

SP Pressure

R Gas constant j
SFC Specific fuel consumption

SPC Specific propellant consumption

SLS Sea ievel static ccmaaliGD-

T Temperature

V Velocity i
W Weight flow

WS/WP Secondary to primary flow ratio

q Freestream dynamic pressure, P p0 V0
Greek Symbols

Ratio of specific heats

77 Component process efficiency

p Density

0, Fuel equivalence ratio
Se Mixing process spread angle

Subscripts
a Air

A/B Afterburner

C Combustion

D Drag

E Exit

f Fuel

g Gas

M Mixer

m Mass

NJ Net jet

P Primary

S Secondary I
T Total condition

"U 5 GOVERNMENT PRINtING OEFF I q75-657 630/I
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